We study multipartite entanglement in non-equilibrium quantum phase transition in a coherently driven atomic ensemble undergoing collective decay.
Introduction
Simulation of condensed matter phenomena in simple controllable quantum systems is an upcoming area of research allowing study and realization of complex systems via the ones that are simple to understand, calculate or observe. Study of Quantum Phase transitions, for example as observed in spin chains, which could be simulated in Dicke type systems, is especially important to understand the connection between entanglement and the critical behavior near a quantum phase transition. It has been noted that the universality of the critical phenomena simply extends to the pairwise-entanglement in these systems as shown in the case of spin-chain systems [1] . Another prime example of quantum phase transition in atomic system is the observation of Superfluid to Mott Insulator transition in Bose-Einstein Condensates [2] .
It would certainly be interesting to study the non-equilibrium regime of the Quantum Phase transitions and moreover the roll of multiparticle entanglement in the critical behavior. With these goals in mind here we show how a non-equilibrium quantum phase transitions can be achieved in an atomic system the dynamics of which can be precisely controlled by choosing appropriate system parameters and external drive fields. The system consists of a collectively driven ensemble of two level atoms that is simultaneously subjected to collective decoherence. Thus, due to the continuous driving and collective decay that the system is inherently a non-equilibrium system. The nonequilibrium steady state (NESS) can, however, be readily obtained in order to evaluate the density matrix of the system that can be further used to study the entanglement of the complete system or parts of it.
Non-equilibrium Quantum Phase Transition Realized by a Coherently Driven Collective System
Here we briefly discuss further details of how to setup the system and the methods used for arriving at the results. By trapping atoms in a strongly decaying cavity collective decay dynamics can be easily obtained in an ensemble of two level atoms [3] . We have recently showed how to generate generalized Werner states, which are analogues of the two particle maximally entangled mixed states by coherently driving the collectively decaying ensemble of twolevel atoms. The dynamics of such a system is governed by
The steady state solution of this can be formally written as [4] !
and ! S ± are the collective atomic operators that can be thought of as the ladder operators for a spin N/2 system consisting of total N particles. The steady state density matrix in the spin representation can be readily arrived at: The projected density matrix can then be used to study properties of the part of the system. In particular, we choose to study the entanglement of two-particle and multiparticle parts from the total N particle system via two different criteria of entanglement such as concurrence and the von Neumann Entropy.
Sample Results

Fig 1: Bipartite entanglement in the non-equilibrium quantum phase transition
In the above figure we show a sample result of our study. The plot contains the von Neumann Entropy given by ! Tr(" (2) Log 2 " (2) ) of the two-particle density matrix ! " (2) projected out of total N particle system. It is well known that the non-equilibrium phase transition occurs in these systems at 2*G/N = 1 [4, 5] ; we observe that the entanglement character of the two-partite entanglement in the total N particle system follows the phase transition as observed by the above plot. We will present several results in this talk for the concurrence and entropy of M partite entanglement in the system of total N particles.
Summary
To summarize, we show realization of a Non-Equilibrium Quantum Phase Transition and its connection with entanglement in a collectively driven atomic ensemble that is simultaneously subjected to collective decay. This study has to lot offer: First of all it allows one to study non-equilibrium Quantum Phase Transitions in simple controllable systems and their associated entanglement properties. It also offers possibility to study correspondence between mesoscopic and macroscopic systems undergoing quantum phase transitions. In view of our results it would also be worthwhile to study the first order nonequilibrium phase transitions as in optical bistable systems from the point of view of quantum entanglement.
